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Reddy et al. report a pathway in C. elegans called the intracellular pathogen response, or IPR, which appears to be independent of known stress response pathways. They identify PALS-22 as a negative regulator of the IPR, with pals-22 mutants showing increased resistance to proteotoxic stress dependent on the ubiquitin ligase component CUL-6.
SUMMARY
Maintenance of protein homeostasis, or proteostasis, is crucial for organismal health. Disruption of proteostasis can lead to the accumulation of protein aggregates, which are associated with aging and many human diseases such as Alzheimer's disease [1] [2] [3] . Through analysis of the C. elegans host response to intracellular infection, we describe here a novel response pathway that enhances proteostasis capacity and appears to act in parallel to well-studied proteostasis pathways. These findings are based on analysis of the transcriptional response to infection by the intracellular pathogen Nematocida parisii [4] . The response to N. parisii is strikingly similar to the response to infection by the Orsay virus, another natural intracellular pathogen of C. elegans, and is distinct from responses to extracellular pathogen infection [4] [5] [6] . We have therefore named this common transcriptional response the intracellular pathogen response (IPR), and it includes upregulation of several predicted ubiquitin ligase complex components such as the cullin cul-6. Through a forward genetic screen we found pals-22, a gene of previously unknown function, to be a repressor of the cul-6/ cullin gene and other IPR gene expression. Interestingly, pals-22 mutants have increased thermotolerance and reduced levels of stress-induced polyglutamine aggregates, likely due to upregulated IPR gene expression. We found the enhanced stress resistance of pals-22 mutants to be dependent on cul-6, suggesting that pals-22 mutants have increased activity of a CUL-6/cullin-containing ubiquitin ligase complex. pals-22 mutant phenotypes appear independent of the well-studied heat shock and insulin signaling pathways, indicating that the IPR is a distinct pathway that protects animals from proteotoxic stress.
RESULTS

pals-22 Is a Negative Regulator of IPR Gene Expression
To investigate the transcriptional regulation of intracellular pathogen response (IPR) genes, we performed a forward genetic screen for mutations that cause altered expression of a GFP reporter for pals-5, which is among the genes most highly induced by microsporidia infection [4] . pals-5 is a gene of unknown function that is a member of an expanded gene family in C. elegans ( Figure S1A ) called pals for protein containing ALS2CR12 signature [7] . This signature is named for its identification in the human gene ALS2CR12, which is located in a region implicated in the human disease amyotrophic lateral sclerosis 2 (ALS2) [8] , although it is not believed to be the causative gene underlying the ALS2 disease [9] . pals-5, as well as many other pals genes, is highly induced by both microsporidia and viral infection ( Figure S1A ) [4] [5] [6] . In our screen, we examined F2 progeny of mutagenized pals-5p::GFP animals and identified three alleles (jy1, jy2, and jy3) that cause a strong increase in pals-5p::GFP expression in basal conditions ( Figures  1A-1E ). As jy1, jy2, and jy3 all have essentially identical phenotypes, we used only the jy1 and jy3 alleles for further analyses. Of note, we observed that the jy1 and jy3 mutants develop more slowly than wild-type worms during normal well-fed conditions (Figures S1B-S1D).
We used whole-genome sequencing analysis and identified the gene defective in jy1, jy2, and jy3 mutants to be another member of the pals gene family, pals-22. Interestingly, the phylogenetic structure of the pals genes correlates with their regulation by infection, with pals-22 in a clade of pals genes that are not induced by intracellular infection, in contrast to pals-5, which is in a clade that is induced by intracellular infection ( Figure S1A ) [4] [5] [6] . The predicted PALS-22 protein contains 284 amino acids with no predicted function or identifiable domains except the ALS2CR12 signature. The jy1 and jy2 alleles cause early stop mutations in pals-22, and jy3 is a mutation predicted to affect splicing between exons 3 and 4 ( Figure 1F ). To confirm that pals-22 is the gene responsible for the altered pals-5 reporter expression in jy1, jy2, and jy3 mutants, we performed RNAi of pals-22 and found that it caused increased expression of the pals-5p::GFP reporter ( Figures 1G-1I) , similar to the phenotypes of the jy1, jy2, and jy3 mutants. In addition, we found that a fosmid containing the wild-type pals-22 sequence tagged with GFP in the context of native cis-regulatory elements [10] could rescue the developmental delay of the jy3 mutant ( Figure S1E ). We next confirmed via qRT-PCR that these mutants have altered expression of endogenous pals-5 mRNA expression (Figure 1J ). In addition, we measured levels of a subset of other genes induced as part of the IPR, including genes of unknown function F26F2.1, F26F2.3, and F26F2.4 as well as the SCF ubiquitin ligase components cul-6, skr-3, skr-4, and skr-5. Interestingly, we found that all of the IPR genes in this subset have increased expression in the jy1 and jy3 mutants as compared to wild-type ( Figure 1J ). We also used qRT-PCR to measure expression of another SCF ubiquitin ligase component, skr-1 (which is not induced by intracellular infection or proteasomal inhibition) [4] , and found that this gene did not have increased expression in the pals-22(jy1) and pals-22(jy3) mutants (Figure 1J ). These results suggest that PALS-22 acts as a negative regulator specifically of IPR gene expression.
pals-22
Mutants Have Increased Thermotolerance, Dependent on the Cullin cul-6 Genome-wide transcriptional profiling indicated there is a partial overlap between the response to intracellular infection and to a prolonged heat stress at 30 C, including genes in our IPR subset (pals-5, F26F2.3, F26F2.4, skr-4, and skr-5) [4, 11] . Here we show that the pals-5p::GFP reporter has increased expression after prolonged heat stress (Figures 2A-2C ). We also used qRT-PCR to show that genes in the IPR subset all have increased expression after prolonged heat-stress treatment ( Figure 2D ). This result led us to test whether pals-22 mutants have increased survival after heat shock treatment. Indeed, we found that the pals-22(jy1) and pals-22(jy3) mutants have enhanced resistance to heat shock treatment compared to wild-type animals (Figure 2E ), suggesting that constitutive IPR gene expression may be protective against the toxic effects of heat shock. We were able to rescue this phenotype using a transgene containing the wild-type pals-22 gene ( Figure 2E ).
We next investigated whether the pals-22 thermotolerance phenotype was dependent on any of the IPR genes. Mutation of skr-3, skr-4, or skr-5 in a pals-22 mutant background did not alter survival after heat shock ( Figures S2A and S2B) . We also tested a large deletion encompassing 11 pals genes (see STAR Methods) and did not observe effects on pals-22 thermotolerance ( Figure S2C ). In contrast, predicted loss-of-function alleles of the ubiquitin ligase component cullin/cul-6 completely abrogated the increased thermotolerance of pals-22 mutants back to wild-type levels ( Figures 2E and S2D ). This result indicates that the increased thermotolerance of pals-22 mutants is dependent on CUL-6 function. We introduced a fosmid containing wild-type cul-6 [10] into the pals-22(jy1);cul-6(ok1614) double mutant to test for rescue but could not assay heat shock tolerance due to the decreased viability of this strain. Worms carrying the cul-6 mutations alone had no reduction of thermotolerance as compared to wild-type in our assays ( Figures 2E and S2D ), indicating that this gene does not significantly affect heat shock resistance in a wild-type context, only in a pals-22 mutant background.
To address the possibility that a cul-6 mutation suppresses the enhanced thermotolerance of pals-22 thermotolerance by regulating IPR gene expression, we used qRT-PCR to measure mRNA levels of a set of IPR genes in pals-22;cul-6 double mutants. As IPR genes are expressed at such a high level in pals-22 mutants, it is difficult to observe a further increase in these genes upon heat stress and thus to test whether cul-6 affects a heat-stress-induced change in IPR gene expression in pals-22 mutants. However, we did find that mutation of cul-6 did not alter the constitutive expression of any of the genes tested ( Figure 2F ). We also found that the cul-6 deletion did not suppress the developmental delay of pals-22 mutants ( Figure 2G ). Taken together, these results suggest that increased activity of CUL-6 in pals-22 mutants promotes thermotolerance.
pals-22 Phenotypes Are Independent of Known Stress Response Pathways
We next investigated the interaction between pals-22 and previously characterized stress response pathways, focusing first on the conserved transcription factor heat shock factor HSF-1. HSF-1 is a master regulator of the heat shock response (HSR) and controls expression of heat shock proteins (HSPs), which are chaperones that facilitate protein refolding to protect cells against proteotoxic stress [12, 13] . Interestingly, we found that the double mutant hsf-1(sy441); pals-22(jy1) has a larval arrest phenotype. Given that pals-22(jy1) is a likely null mutation, this synthetic lethal phenotype supports a model in which pals-22 and hsf-1 act in parallel pathways. We were not able to test hsf-1 RNAi in the heat shock assay (see STAR Methods), but S3B ). In addition, we found that pals-22 mutants do not have upregulation of HSP gene expression, which is controlled by hsf-1 ( Figure S3C ). HSF-1 acts together with the conserved insulin/IGF-associated FOXO transcription factor DAF-16 to control HSP expression and promote thermotolerance [12] . Previous work indicated that the genes upregulated by intracellular infection are not regulated by DAF-16 [4] . Importantly, we found that mutation of daf-16 did not affect the pals-22 increased thermotolerance phenotype ( Figure S3D ). In addition to the HSR and insulin/IGF pathways that promote protein refolding, there are proteostasis responses that promote protein degradation through upregulation of proteasome subunits [14] . We used qRT-PCR to examine expression of proteasome genes ( Figure S3E ) and found no increase in proteasome subunit mRNA levels in pals-22 mutants as compared to wild-type.
Many manipulations in C. elegans that increase resistance to heat shock, such as increased activity of hsf-1 and daf-16, also confer prolonged lifespan [15] . We therefore analyzed the lifespan of pals-22(jy1) and pals-22(jy3) mutant worms at 25 C. Surprisingly, we found that these strains have decreased lifespan as compared to wild-type ( Figure S3F ), and a similar finding was reported in another study [7] . Together, these results suggest that the mechanisms underlying the increased stress resistance of pals-22 mutants are distinct from those of previously described stress response pathways.
pals-22 Mutants Have Decreased Polyglutamine
Aggregation, Dependent on cul-6 Next we examined aggregation of a polyglutamine (polyQ) repeat-YFP fusion protein, which is another phenotype commonly altered in stress-resistant animals [16] We found that pals-22 mutants have a greatly reduced number of osmotically induced polyQ aggregates in the intestine compared to wild-type animals ( Figures 3A-3C) . As a control, we tested whether the reduced polyQ aggregation phenotype of pals-22 mutants could simply be due to a general resistance to osmotic stress. Here, we found that pals-22 mutants have osmotic stress resistance comparable to wild-type worms ( Figure 3D ), indicating that the reduced aggregates are not simply due to increased osmotic stress resistance.
We next tested whether this reduced aggregate formation phenotype of pals-22 mutants was dependent on cul-6, similar to the thermotolerance phenotype of pals-22 mutants. We found that pals-22;cul-6 double mutants have an intermediate aggregate formation phenotype ( Figure 3C ), suggesting that cul-6 functions to reduce polyQ aggregation in pals-22 mutants, although there are likely other factors contributing to this phenotype as well.
Finally, we quantified the amount of polyQ (44)::YFP protein expressed in the strains used in our analysis to ensure that the altered aggregate formation was not due to changes in polyQ protein levels. We measured YFP fluorescence and performed western blot analysis, and in both cases we found that mutation of pals-22 or cul-6 does not alter the amount of polyQ(44)::YFP protein ( Figures 3E and 3F) . Thus, pals-22 does not appear to affect the overall levels of polyQ(44)::YFP protein, merely the propensity to form stress-induced aggregates.
PALS-22 Is Broadly Expressed and Functions in the Intestine to Regulate IPR Gene Expression and Thermotolerance
Using fosmids containing GFP-33FLAG-tagged versions of pals-22 and cul-6 with native cis-regulatory elements [10] , we observed PALS-22::GFP expression throughout the animal, including expression in the intestine, neurons, and hypodermis ( Figure 4A ), while CUL-6::GFP was seen only in the pharynx and intestine ( Figure 4B ). We next investigated the tissues in which the PALS-22 protein acts to regulate gene expression and thermotolerance. Single-copy expression of GFP-tagged pals-22 cDNA expressed from its endogenous promoter showed similar tissue distribution as the analysis with multicopy arrays of a fosmid described above [7] . Expression of the pals-22 cDNA from this endogenous promoter rescued the constitutive IPR gene expression phenotype as measured by qRT-PCR (Figure 4C) , as well as the increased thermotolerance phenotype ( Figure 4D ), indicating that this tagged cDNA is functional. We found that intestinal expression of pals-22 could strongly rescue Results shown are the average of two independent biological replicates; error bars are SD.
(E) pals-22 mutants have increased survival after heat shock, which is suppressed by a cul-6(ok1614) deletion. Animals were treated for 2 hr at 37 C followed by 24 hr at 20 C and then assessed for survival. the constitutive IPR gene expression phenotype of most genes tested, while pan-neuronal and hypodermal expression of pals-22 did not result in large effects on IPR gene expression ( Figure 4C ). Similarly, we saw a partial rescue of the pals-22 increased thermotolerance phenotype with intestinal rescue but no significant effect with neuronal or hypodermal rescue of pals-22 ( Figure 4D ). We used single-molecule fluorescence in situ hybridization (smFISH) to quantify mRNA expression of cul-6, which is required for the pals-22 mutant enhanced proteostasis phenotypes. In pals-22(jy1) worms, we observed increased expression of cul-6 mRNA in the intestine as compared to wild-type worms, which was rescued by expression of pals-22 from the endogenous promoter ( Figure 4E ). Expression of pals-22 from either intestinal or neuronal promoters decreased the amount of cul-6 mRNA found in the intestine, with intestinal pals-22 expression having a larger effect. Taken together, our results suggest that pals-22 acting in the intestine regulates cul-6 expression in this tissue, which may contribute to the increased thermotolerance of pals-22 mutants.
Interaction between pals-22 and Small RNA-Mediated Gene Silencing Interestingly, a recent study found that pals-22 mutants have increased transgene silencing and an enhanced exogenous RNAi response, suggesting that the PALS-22 protein can regulate levels of small RNAs [7] . The transgene silencing and RNAi phenotypes are suppressed by a mutation in rde-4, which is required for small RNA-mediated gene silencing. We therefore investigated IPR gene expression and thermotolerance in pals-22 rde-4 double mutants. Here we found that an rde-4 mutation could partially suppress the increased IPR gene expression of pals-22 mutants ( Figure S4A ), indicating that small RNA-mediated silencing may be responsible for some of the effects of pals-22 on IPR gene expression. When we examined the pals-22 rde-4 double mutants for thermotolerance, we found that an rde-4 mutation led to a slight but not significant reduction of the increased thermotolerance of pals-22 mutants ( Figure S4B ). These results indicate that the increased proteostasis capacity of pals-22 mutants may also depend partially on small RNA pathways.
DISCUSSION
In response to two distinct kinds of natural intracellular infection, C. elegans induces a distinct transcriptional signature we are calling the intracellular pathogen response (IPR). The IPR is characterized by transcriptional upregulation of genes of unknown function, such as genes in the large pals gene family (Figure S1A) , as well as genes that are predicted to encode ubiquitin ligase components in the SCF family, such as cul-6. Through a forward genetic screen, we identified another pals gene called pals-22, which acts as a repressor of IPR gene expression. Previous work showed that a subset of IPR genes can be induced by proteotoxic stressors such as proteasome inhibition and chronic heat stress [4, 11] . These findings suggest that the IPR is induced in response to proteotoxic stress, which led us to analyze pals-22 proteostasis phenotypes. Indeed, we found that pals-22 mutants have increased resistance in thermotolerance and polyglutamine aggregation stress assays, and that these phenotypes are dependent on cul-6. Our genetic analyses suggest that the IPR is distinct from previously described stress response pathways, like the HSR. We propose that the IPR is a novel pathway that mediates protective responses to chronic stressors like intracellular infection and prolonged heat stress to improve proteostasis capacity via PALS-22 and CUL-6 ( Figure S4C ).
We found that PALS-22 functions in the intestine to repress intestinal expression of cul-6 mRNA and to regulate thermotolerance. The simplest model for how PALS-22 and CUL-6 work together is that PALS-22 is a negative regulator of cul-6 transcription. However, as neither our work nor another study [7] found PALS-22 protein enriched in the nucleus, PALS-22 is likely not a transcription factor but rather may be an indirect regulator of cul-6 mRNA expression. Indeed, we found that PALS-22 may regulate expression of cul-6 and other IPR genes in part through small RNA-mediated pathways. It is possible that the PALS-22 protein also functions biochemically with the CUL-6 protein.
For instance, PALS-22 may directly inhibit a process mediated by a CUL-6-containing ubiquitin ligase that targets proteins in the intestine for ubiquitylation. Future studies will focus on the mechanism used by PALS-22 to repress expression of IPR genes like cul-6, as well as the biochemical mechanism by which PALS-22 and CUL-6 increase proteostasis capacity to promote resistance to diverse stressors.
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Detailed methods are provided in the online version of this paper and include the following: 
STAR+METHODS CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Emily Troemel (etroemel@ucsd.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
The nematode Caenorhabditis elegans was used as the experimental model for this study. All experiments were performed with hermaphrodite animals; males were used only for crosses. Unless otherwise indicated, all experiments were carried out with L4 stage animals. Strains were maintained at 20 C on Nematode Growth Media (NGM) plates seeded with Streptomycin-resistant E. coli OP50-1 bacteria according to standard methods [21] . Mutant or transgenic strains were backcrossed at least three times.
METHOD DETAILS EMS screen and cloning of alleles
Worms carrying the jyIs8[pals-5p::GFP, myo-2::mCherry] transgene were mutagenized with ethyl methane sulphonate (EMS) (Sigma) using standard procedures as described [22] . L4 stage P0 worms were incubated in 47 mM EMS for 4 hr at 20 C. Worms were screened in the F2 generation for increased expression of GFP under a fluorescence dissecting microscope (Zeiss Discovery V8). Complementation tests were carried out by generating worms heterozygous for two mutant alleles and scoring pals-5p::GFP fluorescence. Linkage group mapping with visible markers was done using the strains ERT507, ERT508, and ERT509 and scoring pals-5p::GFP fluorescence. For whole-genome sequencing analysis of mutants, genomic DNA was prepared using a Puregene Core kit (QIAGEN) and 20X sequencing coverage was obtained using a 90 bp paired-end Illumina HiSeq 2000 at Beijing Genomics Institute. We identified only one gene (pals-22) on LGIII containing variants predicted to alter function in all three mutants sequenced (jy1, jy2, and jy3). The jy1 mutation is an early stop at amino acid 51, jy2 is an early stop at amino acid 105, and jy3 is a G to A mutation of the splice acceptor before the 4th exon.
RNA interference
RNA interference was performed using the feeding method. Overnight cultures of RNAi clones in the HT115 bacterial strain were seeded onto NGM plates supplemented with 5mM IPTG and 1mM carbenicillin, and incubated at 25 C for 1 day. Synchronized L1 stage animals were fed RNAi until the L4 stage at 20 C. All RNAi experiments had an unc-22 positive control RNAi clone, which resulted in twitching animals in all experiments. RNAi clones were verified by sequencing. For experiments in Figures 1G and 1H , at least 100 animals were analyzed for each condition in each replicate, and experiments were repeated three times.
Generation of transgenic strains
Transgenic strains expressing TransgeneOme fosmids [10] as extrachromosomal arrays (strains ERT365 and ERT422) were generated by microinjecting fosmids at 100 ng/ul into strain EG6699 and selecting non-unc animals. Mos1-mediated Single Copy Insertion (MosSCI) of transgenes was performed as previously described [17] . Briefly, plasmids pCFJ601 (50 ng/ul), pMA122 (10 ng/ul), pGH8 (10 ng/ul), pCFJ90 (2.5 ng/ul), and pCFJ104 (5 ng/ul) were mixed with a plasmid containing the transgene to be inserted (25 ng/ul) (see Key Resources Table) and microinjected into strain EG6699. After injection, worms were incubated on NGM plates at 25 C for 1 week and then subjected to a 2 hr heat shock at 34 C. Non-unc animals that were not killed by the heat shock were selected. CRISPR deletion of 11 pals genes To construct a 34kb C17H1 region deletion mutant, we used the co-conversion strategy as described [23] with dpy-10 sgRNA as the selection marker. We first constructed the short guide RNA (sgRNA) plasmids (pC17H1.3_sg2 and pC17H1.7_sg2) by designing the sgRNA (5 0 -gaacagagtgaagcaggaag-3 0 ) to target C17H1.3/pals-2 and sgRNA (5 0 -acgggcagatatacagagac-3 0 ) to target C17H1.7/pals-6. The short oligonucleotides were synthesized (IDT), annealed and ligated into a modified version of DR274 (Addgene Plasmid #42250) where the sgRNA site was flanked by BsaI and C. elegans U6 promoter and terminator from pU6::klp-12_sgRNA (Gift from Michael Nonet). The constructed sgRNA expression plasmids (20 ng/uL each) were co-injected into N2 worms with C17H1 region single stranded donor DNA (5 0 -attttgctcttatcacatttatagaaatgacaaaagtcaccgagccctcggtttttctttgcgatagttcagagcttct caaatctctca-3 0 ) (500nM), pDD162 (Addgene Plasmid #47549) that expresses Cas9 with empty sgRNA (50ng/uL), dpy-10(cn64) single stranded donor DNA (500nM), and dpy-10(cn64) sgRNA (20 ng/uL). Dumpy or roller F1s were selected to ensure that CRISPR/Cas9 was expressed and dpy-10 was successfully modified. Worms were subsequently genotyped for the deletion with single worm 3-primer PCR where a primer pair flanking the whole deletion region and a third primer in the proposed deleted region (GW503
). The dpy-10 animal was crossed with N2 to obtain the final 34kb deletion mutant strain without the dumpy phenotype. pals genes in the deleted region are pals -2, pals-3, pals-4, pals-5, pals-6, pals-7, pals-8, pals-9, pals-10, pals-11, and pals-12. Quantitative RT-PCR To measure endogenous mRNA expression changes, synchronized L1 worms were grown at 20 C to the L4 stage on OP50 or RNAi bacteria. RNA was extracted using TriReagent (Molecular Research Center, Inc.) and reverse transcribed using either the Retroscript kit (Ambion) or qScript cDNA SuperMix (Quanta Biosciences). Quantitative PCR was performed with iQ SYBR Green Supermix (BioRad) using a CFX Connect Real-Time PCR Detection System (Bio-Rad). Primer sequences for each gene are provided in Table S1 . At least two independent biological replicates were measured for each condition, and each biological replicate was measured in duplicate and normalized to the snb-1 control gene, which did not change upon conditions tested. The Pffafl method was used for quantifying data [24] .
Heat stress assays Worms were grown on standard NGM plates until the L4 stage at 20 C. To assess thermotolerance, worms were shifted to 37 C for 2 hr. Following heat shock, plates were laid in a single layer on the bench top for 30 min to recover, and then moved to 20 C incubator overnight. Worms were scored in a blinded manner for survival 24 hr after heat shock; animals not pumping or responding to touch were scored as dead. Three plates were assayed for each strain in each replicate, with at least 30 worms per plate, and three independent assays were performed for each condition. To assess response to prolonged heat stress, worms were shifted to 30 C for 24 hr and then imaged or harvested for RNA extraction. Attempts to use feeding RNAi to assay gene function in heat shock assays were not successful, as we found that pals-22 mutants do not have have increased thermotolerance when feeding on RNAi bacteria (E. coli strain HT115), likely due to effects of diet on physiology.
Osmotic stress assays Assays were performed as described previously [16, 25] . Worms were raised under standard conditions until 24 hr post-L4 stage, then transferred to NGM plates containing 500 mM NaCl and incubated at 20 C. For polyQ aggregation assays, worms were imaged on a fluorescence dissecting microscope (Zeiss Discovery V8) and scored for the presence of aggregates at the indicated time points. For osmotic stress resistance assays, worms were scored for motility over a period of 10 min. Two plates were assayed for each strain in each replicate, with at least 30 worms per plate. Each experiment was repeated at least three times.
Fluorescence measurement
Synchronized L1 stage animals were placed on NGM plates seeded with OP50-1 bacteria and incubated at 20 C to the L4 stage. The COPAS Biosort machine (Union Biometrica) was used to measure the time of flight (length) and fluorescence of individual worms. At least 100 worms were measured for each strain, and all experiments were repeated three times.
Generation of pals-22 rescue constructs
Using standard PCR fusion [26] and Gibson cloning [27], constructs were generated in which either the pals-22, vha-6, unc-119, or dpy-7 promoter drives expression of a pals-22 cDNA fused to GFP and the unc-54 3 0 UTR, in the vector pCFJ151 to enable Mos1-mediated single copy insertion [17] . Sequences of primers used for promoter amplification are in Table S1 .
Bioinformatic analysis
Amino acid sequences of 36 genes were aligned using MUSCLE (version 3. . Analyses were performed with a chain length of 10 million states (sampled every 1,000 iterations) applying an uncorrelated relaxed clock (lognormal distribution) and a Yule model tree prior. Convergence and mixing was assessed with Tracer (version 1.5) and maximum clade credibility tree generated after a 25% burn-in. Posterior probability values greater than 0.5 are marked on branch labels. Lifespan L4 stage worms were transferred to 6 cm NGM plates seeded with OP50-1 bacteria and incubated at 25 C. Three plates were assayed for each strain in each replicate, with at least 30 worms per plate, and experiments were repeated two independent times with similar results. Worms were scored every day, and animals that did not respond to touch were scored as dead. Animals that died from internal hatching or crawled off the plate were censored. Worms were transferred to new plates every day throughout the reproductive period.
Single-molecule fluorescence in situ hybridization For each strain, 1000 synchronized L1 larvae were placed on each of three standard 10 cm NGM plates seeded with OP50-1. Worms were grown at 20 C for 2 days, washed off plates using M9 + 0.1% Triton X-100, and fixed in 1mL 4% paraformaldehyde in PBST (1X PBS + 0.1% Tween-20) for 30min at room temperature. After washing three times in PBST, worms were resuspended in 1mL of 70% ethanol, incubated on a rotator at 4 C overnight, and then stored at 4 C in ethanol until staining. The fixed sample was washed with 500 mL wash buffer (10% formamide, 2X SSC) and then incubated in 1mL wash buffer at room temperature for 3min. 50 mL of hybridization solution (10% formamide, 2X SSC, 10% dextran sulfate, 2mM vanadyl ribonucleoside complex, 0.02% RNase free BSA, 50 mg E. coli tRNA) containing 1 mM cul-6 CalFluor610 smFISH probes was added to worms and incubated at 30 C in the dark overnight. Worms were washed with 500 mL wash buffer and then incubated in 1mL wash buffer for 30min in the dark. After washing with 500 mL 2X SSC, 2 mL Vectashield + DAPI was added to each sample. 2 mL of stained worms were added to the center of a glass microscope slide, and covered with a 22x22mm square glass coverslip. Imaging was performed using a Zeiss AxioImager M1 upright fluorescent microscope with a 63X oil immersion objective. Z stacks of worm heads and anterior intestines were acquired with a z-spacing of 1 mm, collecting signal for GFP (GFP-tagged PALS-22 protein), CAL Fluor Red 610 (cul-6 smFISH probe), DAPI (DNA staining), and DIC. Image processing was performed using ImageJ (https://imagej.nih.gov/ij/). smFISH spot quantification was performed by blinded scorers using StarSearch (http://rajlab.seas.upenn.edu/StarSearch/launch.html). smFISH probes targeting the cul-6 transcript were designed using the Stellaris RNA FISH Probe Designer from Biosearch (https://www.biosearchtech.com/support/tools/ design-software/stellaris-probe-designer). The resulting set of 48 probes tagged with Calfluor610 were obtained from Biosearch. Experiments were repeated three times.
Western blot
For each strain, 1500 synchronized L1 worms were placed on NGM plates seeded with OP50-1 bacteria and incubated at 20 C. After 72 hr, worms were washed off plates with M9 buffer and washed 2 times with 15 mL of M9 buffer. The worm pellet was then mixed with 20ul of 6X SDS-PAGE sample buffer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 0.01% Bromophenol blue, 10% glycerol, 10 mM dithiothreitol), incubated 10 min at 95 C, and then centrifuged 15 min at 16,000 g. Protein extracts were electrophoresed on a 4%-20% gradient gel (Bio-Rad) at 180 V for approximately 40 min, and then transferred onto PVDF membrane (BioRad) using a semi-dry transfer system (Transblot SD. BioRad) for 20 min at 15V. Non-specific binding was blocked using 5% nonfat dry milk in PBS-Tween (0.2%) for 1 hr at room temperature. The membranes were incubated with primary antibodies overnight at 4 C (rabbit anti-GFP diluted 1:5,000 and mouse anti-actin diluted 1:1,000). Following three 15 min washes in PBS-Tween, membranes were blotted in horseradish peroxidase-conjugated secondary antibodies at room temperature for 2 hr (Goat anti-mouse IgM diluted 1:2,000 and Goat anti-rabbit IgG diluted 1:10,000). Membranes were then washed and treated with ECL reagent (Amersham), and imaged using a Bio-Rad Chemidoc XRS+ with Image Lab software.
Microscopy
Worms were anesthetized with 10 uM levamisole in M9 buffer and mounted on 2% agarose pads for imaging. Images in Figure 4 were captured with a Zeiss LSM700 confocal microscope. All other C. elegans images were captured with a Zeiss AxioImager M1.
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistical details (statistical test used, number of samples, and p values) for each experiment can be found in the Figure labels. Graphic representation and statistical analyses were performed using GraphPad Prism 7 software. Data shown in graphs indicate mean, and error bars represent standard deviation unless otherwise indicated. Data were considered statistically significant when p < 0.05 by statistical test performed as indicated in the Figure labels. Two-tailed unpaired Student's t test was used to compare two different groups of samples when indicated. The log-rank test was used to analyze survival curves in Figure S3F , and oneway ANOVA was used to compare samples in Figure 4E . Asterisks indicate corresponding statistical significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
